The effects of acute digitalization upon the dynamics of the circulation were observed in patients with chronic coI pulnionale, using the technic of cardiac catheterization. The state of the circulation was further investigated in the same patients following recovery from failure. The mode of action of intravenous digoxin is discussed, and a tentative concept of the pathogenesis of chronic cor pulmonale is presented.
A S sTHE study of the action of cardiac glycosides on human circulation (ontinues, it becomes increasingly apparent that the effect of such drugs depends not only upon their inherent pharmacologic activity but also upon the physiologic state of the patients receiving them. Considerable attention must, therefore, be given to an analysis of the basic hemodynamic alterations in the groups of patients to be studied in order to insure a reasonable interpretation of drug effects. The reaction to digoxin of one group of patients with the same circulatory abnormality, namely left ventricular failure, has already been reported.' In this paper the effects of digoxin in patients with right heart failure secondary to chronic cor pulmonale will be presented and discussed.
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abnormalities are fairly well understood: failure of the left ventricle results in elevation of pulmonary venous pressure and ultimately in pulmonary artery hypertension. In right heart failure from chronic cor pulmonale the problem is much more complex. Chronic lung disease, by anatomic or physiologic alteration of the pulmonary vascular bed, frequently creates pulmonary arterial hypertension. Indeed, the latter condition may be the sole evidence of involvement of the circulation in lung disease. In some cases this pulmonary hypertension may eventually result in enlargement and even failure of the right ventricle. This syndrome is recognized as chronic cor pulmonale, or heart disease due to lung disease. llowever, in addition to pulmonary hypertension there are in some cases other changes, such as anoxia, hypervolemia and polycythemia imposed upon the circulation by the chronic pulmonary disease. The mechanisms whereby these factors influence the pulmonary circulation and the cardiac function are not clearly understood. It is obvious that a complete examination of the problem of the heart in chronic lung disease is greatly to be desired. Such a study is at present in progress an(l will be the subject of a later report.2 An investigation of the effects of a circulatory DIGO2IN ON HEART AND CIRCULATION drug in chronic cor pulmonale and also in simple pulmonary hypertension secondary to chronic lung disease, however, may not only further elucidate the action of the medication itself, but may contribute valuable information to the entire problem of the heart in chronic pulmonary disease. This report is concerned with the acute, early effects of digoxin in patients with cor pulmonale in cardiac failure, patients with cor pulmonale who were no longer in cardiac failure, and patients with simple pulmonary hypertension secondary to lung disease. In addition, the long-term results of digitalization and associated therapy in patients with right heart failure and cor pulmonale were investigated. Some patients with heart failure of varying etiologies other than cor pulmonale may, in addition, be suffering from chronic pulmonary disease. Pathologic changes resulting from the latter condition may produce pulmonary hypertension by restricting the pulmonary vascular bed and cause such additional complications as anoxia, polyeythemia and hypervolemia, which may further embarrass the circulation. In an attempt to clarify this complicated hemodynamic problem, the effect of digoxin was followed in 2 such patients.
MATERIAL FOR STUDY
The patients presented in this report have been divided into four major groups: (1) patients with chronic cor pulmonale in cardiac failure, (2) patients with chronic cor pulmonale no longer in cardiac failure, (3) patients with pulmonary hypertension secondary to chronic lung disease and no evidence of heart disease and (4) patients with chronic lung disease and heart disease of varying etiologies other than cor pulmonale.
The clinical diagnosis of chronic lung disease was confirmed by extensive respiratory studies performed according to methods previously described. had bundle branch block, type unclassified. It can be seen from table 1 that all the subjects had pulmonary insufficiency, as evidenced by a re-(luction in vital capacity, maximum breathing capacity, and arterial oxygen saturation. The residual air was greater than predicted and contributed 36 per cent or more to the total lung volume. These findings, associatecl with a high arteri.al carbon dioxide tension anal a high alveolar nitrogen after seven minutes of pure oxygen breathing, confirm the presence of pulmonary emphysema.5
In all 5 patients, a second hemodynamic study was undertaken at a time when the maximumi effect of combined therapy appeared evident. Pulmonary function tests were also repeated at the same time.
The second group (tables 4 and 5) consists of 3 patients with chronic cor pulmonale who had recently been in cardiac failure, but who were not in failure fat the time of the drug study. All had chronic pulmonary emphysema and one (L.B.) had silicosis of the conglomerate type. At the time of admission there wvas evidence of bronchitis, bronchorrhea, moderate right heart failure and cyanosis in 2 patients (L.B. and T.D.). In the third (L.P.) there was no evidence of broncho-pulmonary infection. In 2 of the 3 patients (L.B. an(l T.D.) the second pulmonic sound wvas greater than the second aortic sound, while in the third (L.P.) the second pulmonic sound was equal to the se(on(l aortic soun(l. All 3 had either normal sinus rhythm or sinus airrhythmia.
The electrocardiograms of these subjects reveale(l that one (L.1P.) had inverted T waves in precordial Leads V, to V4 and no evidence of right ventIricular hypertrophy, another (L.B.) showed a double lveak of R in Lead V, .and inverted T waves in standard Leads II andl III, and in the third (T.D.) the precorldial leads were suggestive of right ventricular hypertrophy.
None of these patients was given (ligitailis prior to car(liac catheterization. At the timne of the drug studly, however, all signs of cardiac failure hlad disappeared aln(l roentgenograpllic examination revealed a reduction in heart size as compared with the admission filmlis, but all 3 still had enlarged hearts a.n(l dilated )ullmonary arteries. It is of interest that the results of the pulmonary function studies in these subjects, as listed in table 1, differed from those of the first two groups with advanced pulmonary insufficiency in only one respect, namely that in this group the arterial oxygen saturation was only slightly reduced at rest.
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In the fourth group (Tables 8 and 9 ) one (J.P.) of the 2 patients had pulmonary emphysema, arteriosclerotic heart disease and congestive failure.
The second (W.H.) had silicosis of the diffuse type, pulmonary emphysema, hypertensive and arteriosclerotic heart disease and congestive failure. At the time of study both presented the same clinical picture as the patients with cor pulmonale in failure. There was marked cardiac enlargement, but only one (J.P.) had enlargement of the pulmonary artery. In one patient (J.P.) the second pulmonic sound was equal to the second aortic sound and there was a harsh apical systolic murmur, and in the other (W.H.) the second aortic sound was greater than the second pulmonic sound and there was a soft basal systolic murmur. Both of these patients had sinus rhythm with premature auricular and ventricular contractions. The electrocardiogram of one subject (J.P.) showed no abnormal deviation of the electrical axis, while in the second (W.H.) there was left axis deviation, left bundle branch block, and absent R waves over the left precordium. It was of interest that in both these patients the Q-T interval was prolonged, while this interval was normal in all of the patients previously discussed.
It can be seen from the data in table 1 that both patients had pulmonary insufficiency and differed from the previous groups in one important respect, namely that the arterial blood carbon dioxide tension was within normal limits. 
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METHOD OF STUDY
Procedure. The method of investigation used in this study was identical to that described in the previous report on digoxin.' Digoxin, 1.0 to 1.5 mg. in 30 cc. of physiologic saline was injected through the catheter into the pulmonary artery over a five minute period.
In view of recent experiences in this laboratory, certain precautions in the handling of the intraarterial needle have been deemed necessary. On three occasions during the past two years a vaso-Interpretation of Results. In order to evaluate the changes produced by medication, control data were analyzed to determine the range of variation expected with the technics employed. These data have been presented in detail in a previous communication.' It was concluded that any cardiac output change greater than 9 per cent of the control measurement could be ascribed to the action of the drug, provided that the oxygen consumption remained constant. The mean blood pressure variation in the right ventricle and pulmonary artery was 2.0 mm. Hg with a maximum deviation of 5.0 mm. Hg. It vagal syndrome has been produced at the time of insertion or removal of the brachial artery needle. This condition persisted for only a short time. In none of these patients could the incident be attributed to the cardiac catheter, as in one case it had not been inserted and in the other two it had been removed. Because complete A-V block and marked bradyeardia may accompany this syndrome, the electrocardiogram should be carefully observed whenever the arterial needle is manipulated. Liberal infiltration of the puncture site with novocain before the insertion and the removal of the indwelling needle may prevent these complications.
should be noted that there is marked respiratory variation in the blood pressure tracings of patients with chronic pulmonary disease. For this reason, control pressures in such cases vary to a greater extent than do those of other patients. It is, therefore, essential that the blood pressure tracings during at least two complete respiratory cycles be analyzed. The upper limit of normal pressure values used in this laboratory are the following: pulmonary artery and right ventricular systolic pressure = 30 mm. Hg, pulmonary arterial diastolic pressure Hg. The range of variation in cardiac output among normal subjects in liters per minute per square meter of body surface area is between 2.70 and 3.50. Throughout this study the cardiac index was computed on the basis of the patient's body surface area at the time of cardiac catheterization, regardless of whether or not this represented the patient's dry weight. In the presence of edema, computation of the cardiac index gives a lower value than if dry weight is used. When the patient's first cardiac catheterization. Four of the 5 patients had no specific therapy other than bed rest prior to the first catheterization. One (B.Bu.) had received 2 cc. of Mercuhydrin two days prior to the study. In 4 of the 5 patients the control cardiac outputs were significantly higher than the upper limit of normal, while the output of a fifth (T.A.) was lower than normal. All had marked pulmonary hy- It was a remarkable and consistent finding that in this group of patients the oxygen capacity and hence the calculated hemoglobin, was not as high as the hematocrit would suggest.
After digoxin, 4 of the 5 patients had an increase in cardiac output ranging from 13 per cent to 31 per cent. The fifth patient (B. Bu.) had only a 6 per cent rise in cardiac output which cannot be considered significant. In one patient (B. Br.) there was an early fall of 10 per cent in cardiac output concomitant with an increase in systemic peripheral resistance and arterial blood pressure, but the cardiac output later rose to 13 per cent higher than the control figure. All 5 patients had a slight but significant rise in their pulmonary artery systolic pressures, which in 4 was unaccompanied by a change in diastolic or mean pressures. The pulmonary artery diastolic pressure of one (B. Br.) fell slightly without change in the mean pressure. In the 3 patients followed for the longest time (in minutes) after digoxin administration the right ventricular end diastolic pressures returned to normal. In the other patients (J. B. and B. Bu.) this pressure had greatly decreased but had not reached a normal level.
In only 2 of the 5 subjects was there any change in the previously normal brachial artery pressure; one (B. Br.) had a marked rise in systolic, diastolic, and mean pressures and in peripheral resistance, and a second (B. Bu.) had a rise in brachial artery systolic pressure alone.
The changes in heart rate were not consistent; in one patient (A. D.) the rate decreased, in 2 (J. B. and B. Bu.) it increased and in 2 other patients (B. Br. and T. A.) it did not change.
The characteristic response to digoxin as seen in one patient (A. D.) had been illustrated in a previous paper.' Similar changes may be seen in figure 1 , summarizing the findings in another patient (J. B.).
Long Term Effects of D)igoxin and Other Therapy. Following the acute digitalization all 5 patients were kept on bed rest and maintained on a daily dose of 0.5 mg. digoxin. Two patients (A. D. and T. A.) received occasional mercurial diuretics. All but 2 (B. Bu. and B. Br.) of the 5 received vaponephrin inhalations three or four times a day, during the interval between the first and second catheterization. The normal mean values and approximate range of variation are plotted in the first vertical column. Note that (a) the initially elevated cardiac output rose considerably after digoxin, (b) the elevated right ventricular end diastolic pressure returned to normal, and (c) with the increase in stroke volume the pulmonary artery systolic pressure rose. markedly decreased, there were no longer any signs of cardiac failure, and all had lost a considerable amount of weight. The cardiac silhouette in all but one (B. Bu.) was markedly reduced in size. The serial roentgenograms of one patient (B. Br.) are seen in figure 2. Respiratory studies revealed improved pulmonary function (table 1) 1.1 H in vital capacity, maximum breathing capacity and a decrease in residual air to total capacity ratio, and an improvement in the index of intrapulmonary mixing. The arterial blood oxygen saturation had increased strikingly.
Regardless of the type of adjuvant therapy, the main findings in all 5 patients at the time of the second hemodynamic study were strikingly similar (tables 2 and 3). The cardiac output was considerably lower than at the time of the first study. In every instance the pulmonary artery pressures were markedly reduced as compared to the control values, and in 4 of the patients botomized (total of 4200 cc.) in the interval between studies. One patient (B. Bu.), who had the least elevation of blood volume, had returned to normal, without aid of phlebotomy, at the time of her second study. Another patient (J. B.) had no significant change in blood volume or hematocrit and these values were still moderately elevated. In 4 of the 5 patients, regardless of whether the hematocrit remained the same or fell, the arterial oxygen capacity showed a relative increase as compared to the first study.
One these pressures were almost normal. In all 5 patients the right ventricular diastolic was well within normal limits. There was no appreciable change in arterial blood pressure, and in 4 of the 5 the systemic peripheral resistance was higher than before.
The changes in blood volume and hematocrit between the first and second studies were quite variable. The blood volume and hematocrit of the 2 patients (A. D. and B. Br.) who had the largest increase in these determinations at the time of their first catheterization, were reduced but were still significantly above normal at the time of the second catheterization. Only one of these 2 (A. D.) had been repeatedly phle-with only bed rest and digoxin between his first and second studies, was catheterized a third time, after receiving vaponephrin and having four 500 cc. phlebotomies in two and one-half weeks. At this time, although the blood volume and hematocrit were reduced to normal, the cardiac output, arterial saturation and peripheral resistance were the same as on the second study. The pulmonary artery pressures, which were slightly elevated at the time of the second catheterization, were now entirely normal. In figures 3 and 4 the long term changes in cardiocirculatory and pulmonary function are illusstrated in this and another patient (B. Br. and A. 1).).
Group II Acute Digitalization. The 3 patients with chronic cor pulmonale who comprise the second group (tables 3 and 4) were admitted to the hospital in right heart failure. Following two or three weeks of bed rest, and the use of bronchodilators, mercurial diuretics, to which phlebotomy was added in one case (L. P.), all signs and symptoms of cardiac failure disappeared. It was at this time that the cardiac catheterizations were performed. Two of the patients had normal cardiac outputs and stroke volumes, while the cardiac output of the third Long Term Effects of Digoxin and Other Therapy. As can be seen in tables 4 and 5, one patient (T. D.) of this group was restudied two weeks and again seven months after the first catheterization. Between the first and second catheterization he had been maintained on digitalis, bed rest, diuretics and bronchodilators. Thus, after prolonged treatment, the cardiac output had returned to normal, and was 19 per cent less than the control cardiac output of the first catheterization, the arterial oxygen saturation had increased by 9 per cent, (T. D.) was slightly elevated. All 3 patients had some degree of pulmonary hypertension but the right ventricular end diastolic pressure was normal. The total blood volume and hematocrits in all 3 were definitely increased. Arterial oxygen unsaturation of moderate degree was present in each of these patients. The arterial oxygen capacity was normal in 2 patients and slightly increased in the third (L. P.). After acute digitalization there was no change in cardiac output, right heart or pulmonary artery pressures in any of the 3 patients of this group. In 2 patients (L. B. and T. D.) the previously normal brachial artery systolic pressure rose and in one of the 2 (L. B.) there was also a rise in mean pressure and peripheral resistance. There was a decrease in heart rate in only one patient (T. D.). the plasma volume had returned to normal, while total blood volume and hematocrit were still elevated. The right ventricular and brachial artery pressures showed no change. It is of significance that between these two studies there was no demonstrable change in the cardiac silhouette ( fig. 2 ). Between the second and third studies this patient was discharged from the hospital and remained ambulatory and free of failure on digitalis and diuretics. There was no significant change in the cardiac output, right ventricular end diastolic and brachial artery pressures, or peripheral resistance. The hematocrit had returned to normal although no phlebotomies had been done in this interval. The cardiac silhouette was smaller than on the first two roentgenograms (fig. 2 ).
Group III Acute Digitalization. The third group consists of 2 patients without evidence of heart disease.
.R R. to total lung capacity.)
The first study was done at the time of cardiac failure and before digitalization. The second and third studies were made two weeks and four and onehalf weeks later, during the period of recovery from cardiac failure. Note that following recovery from failure (a) the cardiac output, pulmonary arterial and right ventricular pressures returned to normal, (b) the arterial blood oxygen saturation, vital capacity and maximum breathing capacity were greatly increased, and (c) the blood volume and hematocrit returned to normal.
The control cardiac outputs and stroke volumes of these 2 patients, listed in tables 6 and 7, were within normal limits. Both patients had pulmonary hypertension, although the pulmonary arterial systolic pressure of one (M. M.) was only at the upper limit of normal. The diastolic and mean pressures were elevated. The first hemodynamic study was done at the time of cardiac failure. The first lung volumes, marked with an asterisk, were measured one week later and after digitalization. The second study, two and onehalf months later, was done after complete recovery from cardiac failure. (For symbols, see figure 3 .) The changes in hemodynamics and in pulmonary function were similar to those noted in figure 3 . The blood volumes and hematocrit remained somewhat sistance was within normal limits. The total blood volume of both patients was somewhat increased with slight elevation of hematocrit in only one (J. McC.). The arterial oxygen saturation was only slightly reduced at rest, but it can be seen in table 1 that the saturation decreased considerably after exercise. The arterial oxygen capacity was within the limit expected from the hematocrit value.
After acute digitalization, one patient (IM. AM.) had a 12 per cent increase in cardiac output and stroke volume accompanied by a slight rise in pulmonary artery systolic pressure. The pulmonary artery diastolic and mean pressures and the right ventricular diastolic pressure showed no change. The brachial artery systolic pressure rose slightly but the peripheral resistance and heart rate remained constant. The other patient (J. MIcC.) exhibited no significant alterations in hemodynamics following digoxin.
Gro tip I r The 2 patients who make up the fourth and last group (tables 8 and 9) presented in this report differ from those of the previous three groups in that they have cardiac disease other than cor pulmonale, in addition to chronic lung disease. Both patients were in failure when first studied. Since the response to digoxin was different in the 2 cases, each will be discussed in detail.
In the first patient (J. P.) who had arteriosclerotic heart disease and tricuspid insufficiency (confirmed by auricular pressure curves) the control cardiac output and stroke volume were extremely low. The right ventricular systolic and diastolic pressures were considerably elevated. The pulmonary artery pressures were not measured. The blood pressures in the brachial artery were normal and there was a markedly increased peripheral resistance. An increased total blood and plasma volume was accompanied by a high hematocrit. The arterial oxygen saturation was somewhat reduced and arterial blood oxygen capacity was normal.
After digoxin the cardiac output increased by 21 per cent and this was accompanied by considerable rise in right ventricular and brachial artery systolic pressures. There was no change in right ventricular end diastolic or brachial artery diastolic and mean pressures or peripheral resistance. The heart rate decreased slightly.
The Note that (a) acute digitalization was characterĩ zed bh a rise in cardiac output and a fall to normal of both the pulmonary arterial and right ventricular pressures, and (b) that the cardiac output following recovery from failure was at the same level as noted in the predigitalization period. and elev ation of the right ventricular end diastolic pressure were associated with systemic arterial hypertension. Total blood and plasma volumes, as well as the hematocrit were well above normal limits. The arterial oxygen saturation was considerably decreased and the arterial oxygen capacity was normal.
After digoxin, a 15 per cent increase in cardiac output was associated with a marked reduction in the pulmonary artery hypertension, while the right ventricular end diastolic pressure returned to normal. These changes were effected without alteration in arterial blood pressure, peripheral resistance or heart rate. Ten days after the first study (tables 8, B and 9, B), during which time the patient had recovered completely from cardiac failure and had become ambulatory, the cardiac output had returned to approximately the same value as noted in the control period before digoxin was given. Mild pulmonary artery and systemic arterial hypertension persisted and the right ventricular end diastolic pressure was normal.
DIscussIoN
In an attempt to evaluate the action of digoxin in these groups of patients, not only the immediate effects of the drug, but also some of the eventual readjustments in the circulation as a result of prolonged therapy have been investigated. Furthermore, the results of these studies have clarified to some extent the complex problem of cor pulmonale.
Acute Digitalization
The 5 patients with cor pulmonale in the first group had pulmonary hypertension and right heart failure, as evidenced by a markedly elevated right ventricular end diastolic pressure. Following digoxin the cardiac output rose and the filling pressure of the right ventricle and presumably the residual blood volume decreased, indicating better emptying of this chamber. Thus, as with patients in left ventricular failure, the drug apparently improved the function of the failing ventricle. These changes were accompanied by an increase in the pulmonary artery systolic pressure. Hence it appears that when an increase in blood flow takes place within a pulmonary vascular bed with a pathologically restricted capacity, this increased flow cannot be accommodated without a rise in pressure in the pulmonary artery.
In contrast to the patients with cor pulmonale and cardiac failure, all of those patients with cor pulmonale and no cardiac failure had no change in cardiac output, right heart or pulmonary artery pressures after digoxin. One of the 2 patients with pulmonary hypertension and no evidence of heart disease had no hemodynamic changes after the drug. However, both these patients had several of the same hemodynamic abnormalities found in the first group: pulmonary hypertension, hypervolemia, polycythemia and anoxia. In none of these patients was the right ventricular end diastolic pressure elevated or the cardiac output definitely abnormal. It would appear, therefore, that an increase in cardiac output is effected by digoxin only in the presence of cardiac insufficiency. This impression has been confirmed by the similar results obtained with digoxin in patients with heart disease of other etiologies who were not in cardiac failure. 6 It is true that one case (M. M.) had a 12 per cent increase in cardiac output. This change may have been due to an effect of the drug for which there is as yet no adequate explanation. It is of interest that this man, who subsequently received no more digitalis, went into severe cardiac failure several months after this study. Hence it is possible that the myocardium may not have been normal even at the time of the drug study.
From the above results it appears evident that the response to digoxin in patients with cor pulmonale in failure resembles the reaction to the drug of patients with left ventricular failure.' Both groups respond with a rise in cardiac output, a reduction in filling pressure and better emptying of the failing ventricle. There were, however, certain differences in response between the two groups. In the 5 patients with cor pulmonale, the increase in cardiac output was not as large as was shown by the 5 patients in left ventricular failure. In the right ventricular failure group, the mean increase in cardiac output was 18 per cent with a range of 6 to 31 per cent, while in the patients with left ventricular failure the mean increase was 39 per cent with a range of 12 to 77 per cent. A number of factors may be responsible for this difference in cardiac output response to digoxin: inequality in muscle mass of the right and left heart, difference in pressure-volume relationship of the two ventricles, and difference in the characteristics of the vascular bed distal to each ventricle. From the data available it is impossible to state which of these factors were involved. Of considerably greater importance, however, is the fact that regardless of the quantitative difference in cardiac output increase, in each instance the filling pressure of the failing ventricle returned to normal.
We may discuss further the fact that in the patients with cor pulmonale the increase in pulmonary flow following digoxin caused a temporary rise in pulmonary hypertension while in the patients with left ventricular failure, pulmonary artery pressures returned to normal. In the latter patients it is presumed that failure of the left heart resulted in an increase in residual blood volume in the left ventricle and auricle and hence produced an increase in pressure in the latter chamber which was reflected throughout the pulmonary vascular tree producing pulmonary hypertension. Thus, the acute reaction to digoxin serves to differentiate between pulmonary hypertension due to a restricted vascular bed and that due to failure of the left ventricle. This is illustrated by the response to digoxin in the 2 patients in the fourth group. One of these patients (J. P.) had a rise in right ventricular systolic pressure accompanying the rise in cardiac output, while in the other, all the pressures in the pulmonary artery decreased markedly. In the former, the acute response to digoxin indicates that a restriction in the pulmonary vascular bed is the predominant cause of increased pulmonary artery pressures, while in the latter the acute response points to left ventricular failure as the primary cause of pulmonary hypertension.
Mlode of action of digoxin. In a previous report,' evidence for a predominantly myocardial effect of digoxin was presented. However, no conclusive evidence for such an effect of the drug could be found in the data of the 5 patients with cor pulmonale in failure, since the cardiac output increase was always accompanied by a fall in the right ventricular end diastolic pressure. This fall, which of necessity would be accompanied by a fall in venous pressure, could result from venodilatation or a direct myocardial action of the drug. In the former instance, there would be a reduction in the venous return and in the latter, as a consequence of better emptying of the right ventricle, there would be a reduction in ventricular residual blood volume and filling pressure and a fall in venous pressure. Evidence to support the latter concept is found in the reaction to digoxin in the patient (J. P., table 8) with tricupsid insufficiency who showed an increase in cardiac output without change in the markedly elevated right ventricular end diastolic pressure. This response to digoxin in the presence of tricuspid insufficiency has been noted in other patients in congestive failure with heart disease of other etiologies.6 In the absence of a fall in right ventricular filling pressure and by inference an absence of a fall in venous pressure, a venodilator action of digoxin is not likely. Dilatation of the pulmonary vascular bed and a fall in pulmonary vascular resistance might be considered as a possible cause for the increased cardiac output, but this is unlikely in view of the rise in pulmonary artery pressure.
Since the venous action of digoxin, as suggested by Mlc.lichael,7 was not substantiated by the studies in patients with left ventricular failure' and patients with tricuspid insufficiency, it would appear more reasonable to postulate a drug action that is uniform in all patients with cardiac failure. The concept that the primary action of digoxin is upon the myocardium permits adequate explanation of the eflects of the drug in all types of failure. Despite the fact that there is no conclusive evidence in the data here presented which disproves the theory of the venous action of digoxin, it is difficult to believe that the mode of action varied from one group of patients to another, e.g., a venous action in right sided failure and a myocardial action in left ventricular failure. The response of the circulation to a primary myocardial action of digoxin, however, may vary from one group of patients to another depending upon the physiological abnormalities present. Since there was no consistent effect on heart rate, it is apparent that the myocardial action is at least in some cases independent of change in rate.
As can be seen from the results in this report as well as those previously published,' the effect of digoxin upon the peripheral arteriolar bed is variable. These data suggest that changes in peripheral vascular resistance after digoxin represent a balance between a primary vaso-constrictor effect upon the arterioles and reflex alterations secondary to changes in stroke volume. With a primary myocardial action of digoxin resulting in an increase in cardiac output and a decrease in right heart filling and peripheral venous pressures, one must assume some redistribution of blood since presumably the total blood volume remains unchanged during the acute experiment. If the venous system was nearing the limit of its distensibility a large decrease in venous pressure could occur with only a small volume shift of blood from the venous system into another part of the circulation, for instance the pulmonary vascular bed. However, if venous distention were not near its limit, a large fall in venous pressure could only occur as a result of either a large shift of blood out of some part of the venous bed or with an increase in capacity of this bed. As it is unlikely that a large volume of blood could be accomodated in the systemic arterial or capillary bed, the site of the redistribution could only be the pulmonary vascular bed and,/ or some part of the systemic venous system (liver, splanchnic area, etc.). The mechanism of venodilation, if it occurs, may be of reflex origin or possibly related to the increase in venous oxygen tension or to the action of digoxin. Whether this mechanism is present or not, the myocardial action of digoxin remains the dominant factor. It should be emphasized that all the hemodynamic changes produced by digoxin here noted were only followed for a period of one and one-half to two hours. These acute changes do not necessarily reflect the final or optimal effect of the medication and any conclusions as to the long term results of digoxin are not justified.
Long term results of therapy. The striking clinical improvement in the patients with cor pulmonale after recovery from failure prompted re-examination of their cardiopulmonary function.
Respiratory studies revealed more efficient pulmonary function and there was a marked increase in the arterial oxygen saturation in every patient. The profound anoxia demonstrated by these patients with chronic pul-monary disease at the time of their first studies, and manifest clinically as cyanosis, may have resulted from perfusion by venous blood of poorly ventilated alveoli, from disturbance of oxygen transfer across the alveolar-capillary membrane, or from a reduction in the area of the capillary-alveolar interface, or a combination of all three. However, some studies, to be reported separately,8 indicate that in these patients, in addition to a reduction in area of capillary-alveolar interface, there was a large proportion of alveoli low in oxygen as a result of hypoventilation, and therefore the venous blood perfusing these areas reached the pulmonary veins inadequately oxygenated, thus making the venous admixture in the arterial blood larger than normal. Following therapy, as a result of more adequate over-all alveolar ventilation, a much smaller amount of venous blood was inadequately oxygenated and, therefore, there was an increase in arterial oxygen saturation.
The readjustments of the circulation after the patients had recovered from cardiac failure were surprising. The mechanisms whereby these readjustments took place cannot be stated with certainty but can at least be speculated upon.
The decrease in cardiac output noted in all the patients following restoration of compensation may have been a result of a change in the fundamental physiological properties of the heart muscle. A schematic representation of the sequence of events is attempted in the diagram in figure 6 . When the patients were in congestive failure, presumably the optimal end diastolic stretch of the muscle fibers had been exceeded (position 1 in figure 6 ). This resulted in a large dilated heart and large residual diastolic blood volume. The immediate effect of digoxin was to increase systolic ejection and to decrease residual volume and ventricular filling pressure (position 2 in figure 6 ). As the heart and circulation continued to improve the ventricle would ultimately be more completely emptied of the excessive residual blood, there would be a reduction in the diastolic heart site and a shortening of the initial end diastolic length of the myocardial fibers. In accordance with physiologic principles, this would result in a smaller cardiac output as found in the second 180 studies on these patients (position 3 in figure 6 ). Changes in blood volume may have played a role in the circulatory readjustments since the patients (A. D. and B. Br.) with the greatest reduction in circulating blood volume also had the largest reduction in cardiac output. That the decrease in cardiac output cannot be ascribed entirely to a decrease in blood volume is obvious since the latter was not a constant finding.
In those patients in whom the blood volume was reduced after prolonged therapy, there was apparently a much greater loss of red blood cells than of plasma. This red cell loss might be attributed to (a) a decrease in the probable stimulus (anoxia) for red cell production, (b) an increase in destruction of presumably abnormal red cells, or (c) an error in the computation of the red cell volume, since it is known that the hematocrit in the presence of polycythemia is difficult to measure precisely.
The most unexpected finding in the circulatory readjustments after recovery from failure was the marked reduction in pulmonary arterial hypertension. It had long been tacitly understood that the anatomic lesions induced by certain types of chronic lung disease, produce irreversible pulmonary hypertension. Since the latter was found to be reversible in this group of patients, it is apparent that besides the basic anatomic alterations of the pulmonary vascular bed other factors must be considered as causes of pulmonary hypertension.
Of probably the greatest importance in the production of pulmonary hypertension is the relationship between pulmonary blood flow and the capacity of the pulmonary vascular bed. With a normal vascular bed which is readily distensible it is possible to increase the pulmonary blood flow three-fold without augmenting the pulmonary artery pressure.9 '10 Once pathologic changes, either anatomic or physiologic, have reduced the capacity and distensibility of the vascular bed, the normal relationship of flow to capacity is distorted and the pulmonary artery pressure may rise with an increase in blood flow.1' Pulmonary hypertenion, then, depends upon the balance between the degree of restriction of the vascular bed on the one hand, and the amount of blood flow through this bed on the other. In the presence of only a mild or moderately curtailed vascular capacity pulmonary hypertension may not result until the blood flow is increased two-fold (e.g., A. D., tables 2 and 3). In some patients with a severely curtailed vascular bed, hypertension may persist at rest, even with a slightly elevated or normal blood flow. This concept suggests that the patients with the least degree of pulmonary vascular encroachment may have the highest cardiac output. Conversely, a reduction in cardiac output and hence in pulmonary blood flow, after restoration of cardiac compensation might cause reduction in pulmonary artery pressures.
It is known that acute anoxia produces pulmonary hypertension even in normal subjects."2 It is, therefore, not unlikely that severe degrees of chronic anoxia may increase pulmonary artery pressures and hence an increase in arterial oxygen saturation may result in a reduction in pulmonary hypertension. Increased blood viscosity as a result of polycythemia may also play a part in the production of pulmonary hypertension by increasing resistance to flow, although polycythemia is not a constant finding in chronic cor pulmonale.
DIGOXIN ON HEART AND CIRCULATION
That restoration to a normal red cell volume may be an important factor in the alleviation of the pulmonary hypertension is suggested in the third study of one patient (B. Br., tables 2 and 3) where a drop in hematocrit, as a result of phlebotomies, was accompanied by a fall to normal of the somewhat elevated pulmonary artery pressures.
It is, of course, well known that pulmonary hypertension may result from left ventricular failure. That this factor was not operative in these patients with cor pulmonale is demonstrated by their acute response to digoxin: the pulmonary artery pressure rose as the cardiac output increased, while in patients with From these studies it appears that the following physiological findings occur to a greater or lesser degree in patients with chronic cor pulmonale: anoxia, polycythemia, hypervolemia, normal or high cardiac output, and pulmonary hypertension. Tentative concepts as to the interrelation of these factors in the production of cor pulmonale will be discussed. (For a simple schema, see figure 7.)
As a consequence of the underlying pulmonary disease, respiratory function may be so left ventricular failure pulmonary hypertension was relieved.' The patient W. H. (tables 8 and 9) is a good example of the differentiation of these two types of hypertension since, in spite of severe pulmonary disease with anoxia, polycythemia and hypervolemia, the pulmonary artery pressures fell sharply after acute digitalization. The fact that these pressures remained at the upper limit of normal after prolonged therapy may indicate the persistence of mild left ventricular failure.
A Tentative Concept of Chronic Cor Pulmonale
The data presented in this paper, showing the reversible character of some of the changes present in chronic cor pulmonale have delin-altered as to result in anoxia. The latter condition of itself may effect an increase in cardiac output. Anoxia may also be the initiating factor in the production of polycythemia and hypervolemia. However, it is well known that many patients with chronic pulmonary disease and anoxia do not have polycythemia. It may be that long term studies of these patients will reveal that the duration and degree of anoxia are important in the production of this secondary polycythemia. Regardless of the exact mechanism involved in the production of polycythemia and hypervolemia, the latter may effect an increased diastolic right ventricular volume and thereby produce an increased stroke volume and cardiac output. The ventric-182 -~~~~~~ ular muscle can maintain this increased output provided that the optimum value for the end diastolic stretch is not exceeded. Obviously with the rising output of the right ventricle, there is an increasing venous return to the left ventricle and, in turn, its stroke volume also increases. Possibly other factors, as yet unknown, may act to increase the cardiac output. In this regard it has been suggested that the increased blood flow and polycythemia are homeostatic responses directed towards the satisfaction of tissue oxygen needs in the presence of anoxia.
In this series of patients with chronic cor pulmonale in failure, information is available concerning some aspects of the problem of gas exchange in the tissues, i.e., oxygen transport, oxygen utilization, and oxygen tension in the arterial and mixed venous blood. From the data in table 10 it can be seen that the oxygen transport and oxygen utilization in 2 of the 5 patients (A. D. and B. Br.) were within normal limits, while in the other 3 patients, during the period of heart failure, oxygen transport was low and oxygen utilization increased. In all, however, the oxygen tensions in the arterial and mixed venous blood were markedly reduced and bore no apparent relationship to oxygen transport or utilization. Even in the 2 patients where an increase in cardiac output and polycythemia appeared sufficient to maintain normal oxygen transport and utilization, arterial and mixed venous blood oxygen tensions were reduced. Furthermore, following recovery from failure, only one patient had an increase in oxygen transport and a reduction in oxygen utilization which occurred concomitantly with a reduction in cardiac output and in polycythemia. It can also be seen that as these patients recovered from failure, the oxygen tensions in the arterial and mixed venous blood rose and presumably favored oxygen exchange in the tissues. Again this improvement occurred with a reduction in cardiac output and polycythemia.
However, since there is no information available concerning the proportion of total blood flow directed to different viscera and the optimal tension at which oxygen is utilized by the parenchyma of each organ, the problem as to whether or not the tissue needs of the various organs are satisfied cannot at present be solved.
Another consequence of the chronic pulmonary disease is alteration of the pulmonary vascular bed which may be upon an anatomic or physiologic basis, or both. The exact changes are not as yet clearly defined but may include a reduction in the area of the bed, a reduction in the caliber of the vessels themselves or a decrease in the distensibility of the vessels. The resultant restriction of the pulmonary vascular bed may be extensive enough to produce hypertension at rest because of the distortion of the normal pulmonary flow-capacity ratio. However, it is apparent from the studies presented in this report that the anatomic lesions, which are presumably not reversible, cannot be the sole factor in the production of pulmonary hypertension since the latter was reversible. It would appear that in some cases at least, physiologic alterations must be superimposed upon the anatomic lesions before hypertension 183 is produced. Anoxia, by affecting vasomotor tone of the lung vessels and thereby further reducing the capacity of the pulmonary bed, polycythemia by increasing blood viscosity and hence increasing resistance to flow, may precipitate or aggravate pulmonary hypertension even in the presence of a normal blood flow. Any increase in the pulmonary blood flow in the presence of a restricted vascular bed would of itself produce pulmonary hypertension.9'-Many of the patients with chronic cor pulmonale have increased blood flow even at rest which, in addition to all of the other factors previously mentioned, would aggravate pulmonary hypertension. The possible presence of an anastomosis between bronchiolar and pulmonary arterioles must also be considered as a possible factor in the production of pulmonary artery hypertension." Hypertrophy of the right ventricle may ultimately result from pulmonary hypertension. It is at this stage that the first clinically demonstrable involvement of the heart occurs and the disease is classified as chronic cor pulmonale.
When the right ventricle can no longer cope with the increased amount of work required of it, dilatation and eventual failure of this chamber result. It is an essential part of this concept that dynamically the left ventricle, which has not been subjected to work against an increased resistance, remains normal and therefore is still able to empty itself efficiently in the presence of an increased venous return. In some cases a sudden and marked increase in anoxia, presumably by a direct effect upon the strained right ventricular myocardium, may precipitate cardiac dilatation and failure. The element of hypervolemia may also play a role in the production of failure. The increasing blood volume may have so added to the diastolic volume of the right ventricle that the optimum diastolic stretch of the muscle fibers has been exceeded and, therefore, its efficient emptying is impaired, residual diastolic blood volume increases, diastolic pressure rises and failure ensues. It should be noted that the hypervolemia of itself is not the primary cause of congestion of the peripheral venous bed14 since the fall in venous pressure accompanying the increase in cardiac output after digoxin took place before there could have been any appreciable reduction in the large circulating blood volume.
Since it was shown that the failing heart in cor pulmonale increased its output and lowered its filling pressure in response to digoxin (position 1 to 2 in figure 6 ), it seems most likely that, reversing the sequence of events, when the heart goes into failure the cardiac output is lowered from its previously high level but still may be higher than normal. The paradox of a high cardiac output in the presence of failure can be explained by the fact that in chronic cor pulmonale the ventricular fibers are relatively intact as compared to those in patients with intrinsic myocardial damage such as is found in coronary artery disease, rheumatic myocarditis, etc. The ventricles are therefore able to sustain a high cardiac output not only before failure ensues but even in its presence. Thus can be seen the mechanism whereby in chronic cor pulmonale, cardiac failure may occur in the presence of a high cardiac output. It is possible that patients with cor pulmonale in failure at the end stage of their disease when the myocardium is greatly impaired may have cardiac outputs even lower than normal (point X in figure 6 ).
In the analysis of the various factors operating in the production of chronic cor pulmonale, no attempt has been made to define the relative importance of any one mechanism. It is obvious that these mechanisms are all interrelated and the importance of each may vary from patient to patient. In the matter, for example, of the production of cardiac failure, the evolution may be gradual and progressive as a result of prolonged and sustained pulmonary hypertension or may be acute as a result of a sudden increase in anoxia secondary to bronchiolar obstruction associated with respiratory infections. It has been frequentlynoted that patients with cor pulmonale will go rapidly into cardiac failure with infections which do not involve the respiratory tract. It may well be that the increased cardiac output generally associated with hyperthermia is sufficient to increase pulmonary hypertension acutely to such a degree that the right ventricle fails.
Clinically, the most important fact demon-184 FERRER ET AL. strated by these investigations is that the vicious cycle constituting the whole picture of chronic cor pulmonale in failure can be interrupted and altered by therapy. Therapy should therefore be directed at the reversible features in the cycle. Respiratory function can be improved and anoxia alleviated by a variety of measures, especially those relieving bronchospasm and reducing bronchial secretions. Oxygen therapy, particularly in acute anoxia, is beneficial since it may correct one of the basic physiologic abnormalities in these patients. However, many of the patients with cor pulmonale have longstanding high blood carbon dioxide content due to alveolar hypoventilation. Presumably in such patients the respiratory centers no longer respond to an increase in carbon dioxide and depend upon oxygen lack for the regulation of respiration. If oxygen is administered continuously or in high concentrations to these patients, the oxygen lack is removed as a stimulus to respiration, hypoventilation becomes more marked, carbon dioxide tension in the blood increases still further and narcosis results.', 15, 16 For these reasons, the intermittent use of oxygen is the safest method of administration in the presence of a high blood carbon dioxide content. With the subsidence of the acute episode oxygen therapy should gradually be withdrawn. Improvement of the cardiocirculatory function can be obtained by digitalization and by reduction of the total circulating blood volume by means of phlebotomies and mercurial diuretics. Decision as to the amount of blood removed should in the main, rest upon determinations of the hematocrit as the hemoglobin content may be misleading in these patients.
SUMMARY AND CONCLUSIONS 1. The early effects of intravenous digoxin were studied by the cardiac catheterization procedure in 5 patients with chronic cor pulmonale in right-sided failure.
2. I)igoxin produced a rise in cardiac output, a reduction in filling pressure and presumably a better emptying of the failing ventricle in these patients. The increase in blood flow through a restricted pulmonary vascular bed was accompanied by a rise in pressure in the pulmonary artery.
3. The striking clinical improvement in these 5 patients after recovery from cardiac failure was accompanied not only by more efficient pulmonary function, as shown especially by a marked increase in arterial oxygen saturation, but also by remarkable circulatory lreadjustments. The cardiac output had decreased considerably as compared to the value obtained at the time of cardiac failure and the pulmonary arterial pressures were almost normal.
4. The reversibility of the pulmonary hypertension in these patients with chronic Cor pulmonale suggests that, in addition to anatomic alterations of the pulmonary vascular bed, certain physiologic abnormalities such as anoxia, polycythemia and distortion of the normal relationship of blood flow to vascular capacity may be important factors in the production of pulmonary hypertension. 5. The effects of acute digitalization were observed in 3 patients with chronic cur pulmonale who were not in cardiac failure, and in 2 patients with pulmonary hypertension and no evidence of cardiac disease. In none of these patints was there any appreciable change in cardiac output or right heart pressures. 6. A study was also made of the acute response to digoxin of 2 patients in cardiac failure who had both chronic pulmonary disease and heart disease of etiologies other than cor pulmonale. In these 2 cases, both of whom had pulmonary hypertension, a fall in pulmonary artery pressure following digoxin served to differentiate pulmonary hypertension due to left ventricular failure from that due to a restriction of the pulmonary vascular bed. 7. A tentative concept of some of the mechanisms involved in the production of chronic cor pulmonale is presented and discussed.
